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ABSTRACT Pancreaticb-cells are clustered in islets of Langerhans,which are typically a fewhundredmicrometers in a variety of
mammals. In this study, we propose a theoretical model for the growth of pancreatic islets and derive the islet size distribution,
based on two recent observations: First, the neogenesis of new islets becomes negligible after some developmental stage.
Second, islets grow via a randomprocess, where any cell in an islet proliferateswith the same rate regardless of the present size of
the islet. Our model predicts either log-normal or Weibull distributions of the islet sizes, depending on whether cells in an islet
proliferate coherently or independently. To conﬁrm this, we also measure the islet size by selectively staining islets, which are
exposed from exocrine tissues in mice after enzymatic treatment. Indeed revealed are skewed distributions with the peak size of
;100 cells, which ﬁt well to the theoretically derived ones. Interestingly, most islets turned out to be bigger than the expected
minimal size (;10 or so cells) necessary for stable synchronization of b-cells through electrical gap-junction coupling. The
collaborative behavior among cells is known to facilitate synchronized insulin secretion and tends to saturate beyond the critical
(saturation) size of ;100 cells. We further probe how the islets change as normal mice grow from young (6 weeks) to adult (5
months) stages. It is found that islets may not grow too large to maintain appropriate ratios between cells of different types. Our
results implicate that growingofmouse isletsmaybe regulatedby several physical constraints suchas theminimal size required for
stable cell-to-cell coupling and the upper limit to keep the ratios between cell types. Within the lower and upper limits the observed
size distributions of islets can be faithfully regenerated by assuming random and uncoordinated proliferation of each b-cell at
appropriate rates.
INTRODUCTION
Islets of Langerhans are a complex and important tissue,
playing a key role in maintaining the appropriate level of
glucose in blood; the malfunction of them is closely related to
diabetes. They are embedded in the exocrine acinar cells of a
pancreas, and composed of several endocrine cells: a-cells
(secreting glucagon), b-cells (insulin), d-cells (somatostatin),
and PP-cells (pancreatic polypeptide). There have been
extensive studies of these cells of different types, particularly
b-cells, which constitute the major cell type (occupying 70–
80%) in an islet (1) and secrete the hormone insulin upon
increase of the glucose level. In the secretion of insulin, the
importance of interactions between b-cells via gap junctions
(2,3) has been recognized (4): Coupled b-cells secrete insulin
more effectively than single b-cells do, as reﬂected by the
observation that coupled cells can produce bursting action
potentials, in contrast with single cells generating spiking
action potentials (5). Resulting various oscillatory behaviors
of b-cells, together with the insulin secretion and glucose
regulation, have been examined (6). In particular, it has been
reported that calcium oscillations appear more regular in cell
clusters, compared with those in isolated cells (7). Further,
beyond the investigation of each cell type, interactions
between other cell types have also attracted attention (8–13).
It is known that in mammals the typical size of an islet of
Langerhans lies between 100 and 200 mm, regardless of
species. On the other hand, the pancreas size depends on
species, increasing with the body size. For example, the
volume of a human pancreas is several thousand times bigger
than the rodent one, to satisfy its role in the bigger scale. It is
of interest that the total number of islets increases with the
size of the species but the islet size remains more or less in
the same range. It was, therefore, proposed that there exists
the optimal size of an islet as a functional unit (14). Recently,
concentrating on the interactions only between b-cells, we
addressed that the physiological property of b-cells depends
on the size of the cell cluster (15). Observed are action
potential bursts displayed by cell clusters above a minimal
size, suggesting that such clusters larger than the minimal
size work appropriately. Such bursting behavior is reported
to be crucial for efﬁcient insulin secretion. The bursting
duration ﬁrst increases with the size and tends to saturate
around some critical size (;100 cells), beyond which the
bursting property appears not to change. Then there arises a
question as to how this characteristic behavior with size
manifests itself in reality, namely, whether the real size dis-
tribution of islets indeed possesses a critical size.
Motivated by these questions, we study the size distribu-
tion of Langerhans islets. As for the islet size distribution,
there are a number of experimental studies, speciﬁcally, in
rats (16,17), mice (18–20), pigs (21), and humans (22–25).
However, there still lacks theoretical elucidation about
the optimal size and morphology of islets as well as their
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developmental changes. Here we investigate their physio-
logical implications and propose a theoretical model for islet
growth, based on the experimental observations. Obtained
from this model are log-normal and Weibull distributions,
depending on how cells in an islet proliferate. For compar-
ison, we also examine the size distribution and its evolution
in mice of 6-weeks and 5-months old, and indeed observe the
agreement with the theoretical prediction. In particular, it is
suggested that the wide variety of islet size (ranging from 10
to 10,000 cells) for robust bursting action potentials may
relate to the random cell proliferation without any preference
for a speciﬁc islet size, which is one of the two assumptions
in the derivation of the distribution function.
THEORETICAL MODEL
Technically, it is very difﬁcult to investigate the size dis-
tribution of whole islets in a pancreas and different methods
usually lead to different results. On the other hand, the
theoretical approach based on recent experimental results
about the development of b-cells make it possible to estimate
the size distribution of islets. Recently, the development and
growth of b-cells have been studied (26). Disclosed, among
other ﬁndings, are: First, when the body weight is increased
due to normal postnatal growth (27,28), pregnancy (29), or
obesity (30), the preexisting islets proliferate more to meet
the demand for additional b-cell mass, but there is no more
neogenesis. Second, b-cells proliferating in islets of all sizes
replicate approximately at the same rates; namely, there is no
correlation between the islet size and the b-cell replication
rate (31–33). Based on these observed facts, we propose a
growth model that yields log-normal and Weibull distribu-
tions depending on the cell replication procedure in islets.
Log-normal distribution
For simplicity in description, we consider the growth process
that in each islet cells replicate coherently with or indepen-
dently of each other. At ﬁrst, a newborn islet consists of one
cell; it proliferates and has two cells. After proliferating k
times, the islet contains 2k cells. Denoting Pk(t) to be the
number of islets at the kth proliferation stage, i.e., the number
of islets in which cells have proliferated k (¼ 0, 1, 2, . . .)
times, at time step t, we get the following equation for the
growth process of islets:
DPkðtÞ ¼ lPk1ðtÞ  lPkðtÞ; (1)
where DPk(t) [ Pk(t 1 1)  Pk(t) represents the change of
the islet number Pk during the time interval from t to t 1 1
and l is the proliferation rate or probability during the unit
replication time. Islets at the (k  1)th proliferation stage
proliferate to become those at the kth stage whereas the islets
at the kth stage proliferate to become those at the (k 1 1)th
stage. As a consequence, Pk(t) increases due to the pro-
liferation of the islets at the (k  1)th stage, which makes a
contribution to Pk(t 1 1) out of Pk1(t). Similarly, it de-
creases due to the proliferation of the islets at the kth stage,
which contributes to Pk11(t 1 1) out of Pk(t). Note that the
same proliferation rate l has been taken at both stages, in
accord with the observation that every cell tends to proliferate
with the same rate. For k ¼ 0, the above equation describes
the change of the number of newborn islets, with the iden-
tiﬁcation of lP1(t) as the neogenesis rate B(t), i.e., P1(t)[
l1B(t).
The actual growth of islets is governed by the dynamic
process consisting of gain due to replications and loss due to
apoptosis of cells (32,34,35). Therefore, l corresponds to the
average rate of net proliferation of cells, taking into account
the rate of loss due to apoptosis. This average rate of net
proliferation of cells is also essentially independent of the islet
size because the apoptosis rate is relatively lower than the
replication rate during islet growth (32). Note further that
Eq. 1 describes discrete-time dynamics, where time t is not a
continuous but a discrete variable measured in units of the
replication time. Accordingly, l and B(t) in fact denote the
proliferation probability and the neogenesis probability,
respectively, during the unit time interval, rather than the
proliferation and the neogenesis rates. Here the replication
time is deﬁned to be the time interval during which the
proportion l among the cells in an islet replicate once.
Accordingly, the replication time itself, serving as the unit of
time,may not remain constant but vary, since as amouse grows
older, it generally takes more time for a cell to replicate. This
deﬁnition is useful whenwe just consider independence of the
proliferation rate between islets, lacking in knowledge of the
detail proliferation process such as the time dependence of
the cell-proliferation rate. As an example, Fig. 1 shows how
the islet size conﬁguration changes during two units of (the
FIGURE 1 Coherent cell proliferation in an islet. At each replication time,
all cells together replicate or not according to the proliferation rate l. The
growth process is illustrated until the second replications and the growth
status of each islet is described by the proliferation stage k.
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replication) time for given l, in the absence of neogenesis
(B(t) ¼ 0).
Although there is no exact information on the neogene-
sis rate B(t) available, the interesting result of the growth
dynamics is that any distribution evolves eventually to the
normal distribution after sufﬁcient evolution if the neogen-
esis stops at a certain time. In prenatal development,
neogeneses play an important role in the expansion of the
b-cell mass, dominant over self-replications. When there are
tissue injuries caused by toxic drugs and surgery in postnatal
growth, the neogenesis also contributes much to regeneration
of b-cells: Whereas self-replication of b-cells leads to only
slow expansion under physiological conditions, neogeneses
from progenitor or stem cells can lead to vigorous expansion
and thus partial regeneration of the b-cell mass in a short
time (26). However, no neogenesis is observed during
normal physiological renewal in postnatal growth (27).
In this study, we restrict ourselves to the normal physi-
ological condition and assume that the neogenesis stops at
time t0. Namely, we take B(t) ¼ 0 for t . t0, which implies
that the total number of islets is conserved and equal to the
total number at the initial time t0. This allows us to normalize
the initial distribution Pk(t0) in a convenient way, such that
+
k¼0Pkðt0Þ ¼ 1: Then we can compute the mean m˜ and the
variance s˜2 of the evolved distribution Pk(t), following the
dynamics in Eq. 1:
m˜ ¼ +
k¼0
ðtl1 kÞPkðt0Þ
s˜
2 ¼ +
k¼0
½tlð1 lÞ1 ðtl1 kÞ2Pkðt0Þ  m˜2; (2)
where t [ t  t0 is the elapsed time (see Appendix I for
detail). Further, the distribution Pk(t) is given by a sum of
shifted binomial distributions with the weight depending on
the initial distribution Pk(t0).
When t is large, there have been many (net) replications
with the rate l, which makes the ﬁnal distribution very wide.
In comparison with this ﬁnal width, the initial distribution
should be much narrower in width. With the initial width
neglected, the evolution reduces to a random-walk problem
starting at a ﬁxed position [Pk(t0) ¼ d(k)], described by a
binomial distribution. Here the proliferation stage k corre-
sponds to the distance between the initial and ﬁnal positions
of a random-walker. Accordingly, in the long-time limit
ðt/NÞ; the distribution Pk(t) is expected to approach the
normal distribution with the mean m˜  tl and the variance
s˜2  tlð1 lÞ in Eq. 2.
For large time t, the mean m˜ as well as the variance s˜2
becomes large, making it appropriate to take the continuum
limit. Namely, we regard k as a continuous variable and
introduce P(k;t) as the continuum for of PkðtÞ:
We thus have the normal distribution
PðkÞ ¼ 1ﬃﬃﬃﬃﬃﬃ
2p
p
s˜
exp ðk  m˜Þ
2
2s˜
2
 
; (3)
which depends on time t through the mean m˜ and the vari-
ance s˜2 given by Eq. 2.
Remarkably, the normal distribution obtained for the
number of islets at given proliferation stage corresponds to a
log-normal distribution of the islet size. Here one may deﬁne
the effective (dimensionless) islet size s to be the cube root of
the number n of cells in the kth proliferating islet, i.e., s[ n1/3.
Then with the relation s¼ 2k/3 between the islet size s and the
proliferation stage k, it is straightforward to obtain the log-
normal distribution
PðsÞ ¼ PðkÞdk
ds
¼ 1ﬃﬃﬃﬃﬃﬃ
2p
p
ss
exp ðlns mÞ
2
2s
2
 
; (4)
where m[ m˜ðln2Þ=3 and s[ s˜ðln2Þ=3: The mean and the
variance of the islet size distribution P(s) are thus given by
em1s
2=2 and ðes2  1Þe2m1s2 ; respectively, in comparison
with the mean m˜ and the variance s˜2 in the distribution P(k)
for the proliferation stage k.
Weibull distribution
Relaxing the assumption of coherent cell proliferation in an
islet, one may consider the growing process that every cell in
an islet replicates independently of each other, as illustrated
in Fig. 2. Starting from the initial conﬁguration of single
cells, this growth dynamics should yield the size distribution
of islets (see Appendix II). In this process, as replication
proceeds, the possible islet sizes to consider increase geo-
metrically: at replication time t, there are 2t possible islet
sizes. Therefore, it is formidable to estimate the size distri-
bution after many replications. To circumvent this difﬁculty,
we resort to Monte Carlo (MC) simulations, which make it
FIGURE 2 Independent cell proliferation in an islet. At each replication
time, every cell replicates with the proliferation rate l, independently of each
other. The growth process is again illustrated until the second replications
and the growth status of each islet is described by the total number n of cells
in it.
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possible to estimate the distribution. Namely, we begin with
an islet consisting of a progenitor single cell, and allow every
cell in the islet to replicate independently, according to the
proliferation probability l at each MC step. Performing such
simulations on sufﬁciently many samples, we can obtain the
distribution P(n), where n is the number of cells in an islet, at
each replication time. The obtained MC results, shown in
Fig. 3, are fully consistent with the analytical results from
the matrix calculation described in Appendix II, which can
be conducted only in the early replication stage (data not
shown).
It is of interest that the size distribution, resulting from the
growth dynamics with independent replication, ﬁts perfectly
to the Weibull function with two parameters, the shape pa-
rameter g˜ and the scale parameter h˜:
PðnÞ ¼ g˜
h˜
n
h˜
 ˜g1
exp  n
h˜
 ˜g" #
: (5)
As replication time t increases, the shape parameter g˜
tends to saturate while the scale parameter h˜ grows ac-
cording to h˜; ð11 lÞt; the latter reﬂects that the number
of cells in each islet increases by the factor 1 1 l in every
replication (see the inset of Fig. 3). Noting the relation n¼ s3
between the islet size s and the number n of cells, we obtain
the size distribution P(s) from Eq. 5:
PðsÞ ¼ g
h
s
h
 g1
exp  s
h
 g 
; (6)
which is again the Weibull distribution with the shape
parameter g ¼ 3g˜ and the scale parameter h ¼ h˜1=3:
In existing studies a variety of distribution functions have
been suggested to ﬁt the experimental data, without any
theoretical basis. Included are gamma, Weibull (23), and
power-generalized inverse Gaussian distributions (20), as
well as log-normal distributions (17). We stress that here,
unlike those studies, log-normal and Weibull distributions
have been derived theoretically, on the basis of experimental
observations.
EXPERIMENTAL METHODS
Chemicals
Modiﬁed Hank’s buffered saline salt (HBSS) was obtained from Invitrogen
(Carlsbad, CA), collagenase P was from Boehringer (Mannheim, Germany),
and all other chemicals from Sigma (St. Louis, MO).
Isolation of islets and staining
Animal care followed the University of Washington Animal Medicine
guidelines. Pancreases were removed from male BALB/c mice (6-weeks and
5-months old) killed with CO2 and sliced regularly at 1-mm intervals
through the use of a stack of sharp razor blades. To improve the cutting
procedure, a pancreas was placed on a dish coated with a polymer elastomer
(Sylgard184, Corning, Midland, MI). Eight pancreatic slices obtained from
the whole pancreas were partially digested by incubating them for 25 min in
modiﬁed Hank’s buffered solution, containing 5 mg/ml collagenase P, 1 mg/
mL bovine serum albumin, 20 mmol/L HEPES, and 5 mmol/L glucose at
37C. At the end of the enzymatic treatment, the preparation was gently
shaken 20 times to expose islets of Langerhans from acinar cells. Then, islets
were incubated to stain for 30 min in the dithizone (DTZ) solution, which
consisted of 5 mg DTZ in 25 mL modiﬁed Hank’s buffered solution. Note
that DTZ selectively stains b-cells due to their high zinc content in insulin
granules (36).
Measurement of islet size
The partially digested and stained pancreatic pieces were transferred to a
narrow chamber (height by width by length ¼ 1 3 5 3 75 mm) made of
slide glass. A glass cover minimized the evaporation of HBSS solution
during measurement. The size of each islet, stained red, was measured
through the use of a reticle of a stereoscope at magniﬁcation of 1003 (see
Fig. 4). Stained islets were back-illuminated with strong white light to
improve visibility. This method allowed us to identify islets down to those
containing as few as six cells. Here we stress that the size was measured
directly from the exposed islets (17,20); this contrasts with the widely used
stereological method that estimates the size distribution of islets indirectly
from sampling a limited number of sections of a pancreas (16,18,19,21–
24,30).
Estimation of cell number
Assuming that each islet has the shape of a prolate spheroid, we measure
both the equatorial radius a and the polar radius b of each islet (see Fig. 5).
The total cell number n in an islet is then given by
n ¼ V
v
¼ a
2b
r
3 ; (7)
where V is the islet volume, v is the average volume of a single cell, and r is
the average radius of a single cell. The latter has the value r¼ 5.16 1.5 mm,
FIGURE 3 Evolution of the islet size distribution in the case of inde-
pendent cell proliferation. Starting from the initial conﬁguration of a single
cell, the islet evolves with the cell proliferation rate l ¼ 0.5. Open squares
and circles represent the islet size distribution at time t ¼ 5 and 6, re-
spectively, obtained from MC simulations on 106 samples. The data are
ﬁtted to the Weibull distribution, plotted with solid and dashed lines. The
inset shows the shape parameter g˜ and the scale parameter h˜ versus the
replication time t, where the solid line corresponds to the function a(11 l)t
with a ¼ 1.14.
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obtained from 133 cells under a microscope with magniﬁcation 2003; the
detailed method for cell preparation is described in Chen et al. (37).
Data analysis
As a ﬁtting routine, we adopt the nonlinear least-squares Marquardt-
Levenberg algorithm (provided by a GNUplot package), which accepts a
user-deﬁned function. In particular, the weight for ﬁtting is taken to be
proportional to the inverse of the variance of each data point, so that the data
points with smaller errors have higher weights. Statistical comparison has
been made through the use of the nonpaired two-tailed student’s t-test and
the results are characterized by P-values. Each data set is expressed as the
mean value together with the error estimated by the standard deviation.
RESULTS
Size distribution
Fig. 4 shows the typical observed image of DTZ-stained
islets, exposed from unstained acinar cells on the upper side
of the chamber. We have measured the polar and equatorial
radii of a total of 2222 islets from eight mice of 6-weeks old
and a total of 2337 islets from eight mice of 5-months old.
Note that DTZ in fact stains only b-cells here (see Shiroi
et al. (38)). In consequence, to be precise, the effective islet
size s[ n1/3 ¼ a2/3b1/3r1 corresponds to the size of the core
consisting of b-cells, with the mantle layer of the islet
excluded, and thus provides a slight underestimation of the
islet size. Note, however, that this is in fact what is described
by the theoretical model, which considers the growth of a
homogeneous cluster consisting of only b-cells with other
cell types such as a- and d-cells disregarded.
The resulting (normalized) size distributions of islets are
plotted in Fig. 6, which shows the evolution as mice grow
from 6 weeks to 5 months; the difference in the mean islet
size, given by 7.96 6 0.57 for eight 6-week-old mice (Fig.
6 A) and 9.24 6 0.78 for eight 5-month-old mice (Fig. 6 B),
is signiﬁcant (P¼ 0.002). Note that the size s¼ 1 corresponds
FIGURE 4 Images of Langerhans islets: (A) Langerhans
islets in a low magniﬁcation; (B) medium, (C) small, and
(D) big islets at the magniﬁcation four times higher than
panel A. The islets are stained red and attached to the white
acinar cells. The size of scale bars is 200 mm.
FIGURE 5 Schematic diagram of a prolate spheroid with the equatorial
radius a and the polar radius b.
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roughly to the diameter of a single cell. It is remarkable that
in both distributions for the two age groups there arises a
peak at s  5, which appears to give the most optimal size.
This is very interesting and indicative, in view of our simu-
lation results that b-cell clusters in general generate longer
bursts than single cells but the duration of bursts tend to
saturate above the size s  5 (15).
It is pleasing that the size distribution, skewed to smaller
size, ﬁts well to the log-normal function or the Weibull
function derived theoretically. We ﬁrst consider the log-
normal function in Eq. 4. The least-square ﬁt of the ex-
perimental data yields the values of the ‘‘scale parameter’’ m
and the ‘‘shape parameter’’ s in the log-normal function,
related with the average and the width: m ¼ 1.896 0.04 and
s ¼ 0.68 6 0.05 for 6-week-old mice and m ¼ 2.10 6 0.04
and s ¼ 0.64 6 0.05 for 5-month-old mice. The resulting
distributions are represented by the dotted lines in Fig. 6, A
and B. We then ﬁt the experimental data to the Weibull
function in Eq. 6, to obtain, from the least-square ﬁt, the shape
parameter and the scale parameter (g, h)¼ (1.646 0.07, 8.9
6 0.3) for 6-week-old mice and (1.706 0.08, 10.26 0.4) for
5-month-oldmice, and plot the resulting distributionswith the
solid lines in Fig. 6, A and B. This is to be compared with the
human result of the shape parameter g ¼ 1.2, which was
obtained from seven autopsy cases of nondiabetic adults (23).
It is thus suggested that the size distribution of mouse islets is
narrower than that of human ones.
For comparison of the two ﬁtting functions, we compute
their deviations from the experimental data. In the case of
6-week-old mice, the mean-square deviation of the Weibull
distribution is found to be 0.037 whereas that of the log-
normal distribution turns out to be a little smaller, given by
0.035. For 5-month-old mice, it is given by 0.039 and 0.029
for the Weibull and the log-normal distributions, respec-
tively. From these, it appears that the log-normal distribution
provides a better ﬁt than the Weibull distribution. However,
it should be noted that in the regime of large islets the
experimental data ﬁt much better to the Weibull distribution.
Furthermore, such statistical characteristics of the experi-
mental data as the mean islet size
s ¼
Z
sPðsÞds; (8)
and the mean cell number in an islet
n ¼
Z
s
3
PðsÞds; (9)
are more consistent with the results of the Weibull function
(see Table 1), which suggests that the Weibull distribution
should give a better description. At this stage, however, the
log-normal distribution may not be totally excluded and
more sophisticated experiment is necessary to draw a
conclusion. In particular, it is also conceivable that cells in
an islet proliferate neither fully coherently nor fully indepen-
dently within the ﬁnite interval of unit replication time. If this
is the case, the true size distribution is expected to lie in
between log-normal and Weibull distributions. This may
explain why experimental data exhibit characteristics of both
distributions in Fig. 6; as for the mean-square deviations and
ﬁtting around the optimal size, the log-normal distribution
appears better, whereas the mean values and large-size data
aremore consistentwith theWeibull distribution. In themean-
time, the slight differencebetween the two resultingdistributions
FIGURE 6 Islet size distribution obtained from eight mice of (A) 6-weeks
old and (B) 5-months old. Dotted lines represent the log-normal distribution
with A (m, s) ¼ (1.89, 0.68) and (B) (m, s) ¼ (2.10, 0.64). Solid lines
represent the two-parameter Weibull distribution with (A) (g, h) ¼ (1.64,
8.89) and (B) (g, h) ¼ (1.70, 10.15).
TABLE 1 Mean islet size sand mean number n¼ s3 of cells per
islet in 6-week- and 5-month-old mice
Experiment Weibull Log-normal
s n s n s n
6 weeks 7.96 1260 7.95 1210 8.34 2320
5 months 9.24 1800 9.06 1700 10.02 3440
Results from experimental data are compared with those of the Weibull
distribution, s ¼ hGð11g1Þ and n ¼ h3Gð113g1Þ with the gamma
function GðxÞ[ RN
0
ettx1dt; and those of the log-normal distribution,
s ¼ em1s2=2 and n ¼ e3m19s2=2:
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suggests that the results are not very sensitive to the details of
the growth dynamics.
The excellent ﬁt to the theoretically derived function
reﬂects that there are indeed two key characteristics observed
in experiment, which are necessary for the derivation of both
distributions. First, as we have observed nonselectively all
islets exposed on the upper side of the chamber (although the
whole islets might not be available), the examined number
of islets does not show substantial difference, ranging from
278 6 52 (for eight mice of 6-weeks old) to 292 6 70 (for
eight mice of 5-months old). It is thus concluded that the total
number of islets in a pancreas essentially does not changewith
time and is conserved. Next, the data, represented by the his-
togram in Fig. 6, suggest that the difference in the distribution
between the two age groups lies mainly in the scale of size.
Accordingly, one may obtain the size distribution for older
mice from that for younger mice by substituting bs for s with
an appropriate scale factor b. Namely, the size distribution for
5-month-old mice is approximately given by b1P(bs), where
P(s) is that for 6-week-old mice. Indeed this is manifested by
the Weibull distribution: although the shape parameter g has
not changed appreciably (remaining within the error range)
between the two age groups, the scale parameter h has
increased signiﬁcantly from 8.9 to 10.2, indicating that each
islet on the average has grown by the factor 10.2/8.9¼ 1.15 in
size. This corresponds to an increase in the number of cells by
the factor (1.15)3 ¼ 1.49, which is comparable with the
experimental value 1800/1260 ¼ 1.43 in Table 1.
The asymmetric form of the distribution P(s), skewed to
smaller size, shows that large islets account for only a small
portion whereas small islets are dominant in number. How-
ever, this does not imply that large islets comprise a minor
contribution; note that the total number of b-cells in an islet
is approximately given by the cube of its size. Accordingly,
large islets, albeit small in number, nevertheless containmany
cells and contribute substantially to insulin secretion, on the
assumption of a similar insulin secretion rate per cell. This
may be manifested by considering the total number of b-cells
or the amount of secreted insulin corresponding to all islets
with given size. Plotting the total number of b-cells versus
islet size s, we would thus obtain a distribution less skewed
and somewhat symmetric. From this functional point of view,
the volume-weighted mean islet volume VV, deﬁned to be the
mean volume in the distribution with islets weighted propor-
tional to their volume, was suggested as a more reliable
estimator, describing the quantitative appearance of the islet
population, than the usual number-weighted mean islet
volume VN (39).
Islet morphometry
The typical images of islets in Fig. 4 demonstrate that whereas
small islets are nearly spherical, large islets are usually elon-
gated. To measure the deformation, we consider the ratio k of
the equatorial radius a to the polar radius b, i.e., k [ a/b,
which is related with the eccentricity via e¼ (1 k2)1/2. Fig. 7
shows that the ratio k reduces roughly linearly with the (di-
mensionless) islet size s.
DISCUSSION
Direct measurement of islet size
It is very formidable and laborious to measure islets in a
pancreas and obtain their size distribution. There are mainly
two methods used in existing literature: One is the stereolog-
ical method, which analyzes dissected islets on the sliced
section of a pancreas (16,18,19,21–24,30). The other is direct
measurement of exposed islets from exocrine acinar cells
(17,28,29). Although the former is powerful to measure even
tiny islets scattered in exocrine tissues as single or doublet
b-cells, its justiﬁcation relies largely upon the assumption that
islets are embedded randomly within a pancreas. On the other
hand, the latter method has the advantage of preserving islet
morphology and measuring directly without any assumption
as to the relationship between the actual conﬁguration and the
observed section surfaces (28). Therefore we have adopted
the direct observation method, which is more authentic,
taking into consideration the possibility ofmissing some islets
embedded deeply on the exocrine tissues.
The key issue is then how to expose the stained islets. In
Bonnevie-Nielsen et al. (28) the dissected pancreas was
spread systematically and pressed with a coverglass, while
maintaining the height between the slide and the coverglass.
There is, however, one drawback that changes of the islet
shape are inevitable; although addressed, the pressing effects
due to the coverglass were not analyzed fully. To circumvent
this, we have instead treated a pancreas mildly with the
enzyme collagenase, which loosens the connection between
exocrine tissues and islets, and exposed islets better from
acinar cells. In the presence of the enzyme islets might be
FIGURE 7 Radius ratio k [ a/b between the equatorial radius a and the
polar radius b versus the islet size s [ n1/3. The dotted line represents the
linear regression equation given by k ¼ 0.013 s 1 1.00.
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digested, but the effects will be pronounced in the mantles of
islets if any (40). Accordingly, the result should not be
inﬂuenced much because we are actually concerned with the
DTZ-stained b-cell clusters, excluding other types of cells on
the mantles.
Via this method, we have been able to observe;300 islets
per pancreas on the average, which is less than the values
around 1000 islets inNMRImice (28) andC57BL/6 ones (29)
(see Table 2). There are several possible origins of the number
difference: Firstly, wemight havemissed tiny islets in view of
our resolution limiting the detection to 18mm (corresponding
to six cells); this is to be compared with the resolution down
to 14 mm (two to three cells) in the conventional isolating
method (28,29). Secondly, there might exist the strain dif-
ference (41). Lastly, still many isletsmight not be exposed and
embedded in exocrine tissues. However, we stress that the
exposed islets have been nonselectively observed and sufﬁ-
ciently numerous (;2000 islets from eight mice). Therefore
the real (normalized) size distribution should not show much
difference from our result, except that tiny (proto-) islets
consisting of ﬁve or fewer cells may be more abundant. For
conﬁrmation, we have additionally considered cleared islets,
perfectly isolated from four BALB/c mice of 5-months old.
Through the use of strong enzymatic treatment followed by
the density gradient method, islets have been isolated and
separated completely from exocrine tissues. For details of this
culture method, the reader is referred to Sweet et al. (42). As a
result, 1586 39 islets have been obtained from fourmice, and
the corresponding size distribution is plottedwith open circles
in Fig. 8. This method thus allows one to prepare clear islets
without acinar cells attached but misses a number of small
islets.
Comparing the three methods, we ﬁrst point out that the
stereological method (ST) allows one to measure tiny islets
whereas the isolating method (IS) can expose clearly large
islets. However, considering the drawbacks of these methods
mentioned previously, we conclude that at this stage our
scheme of enzymatic treatment (EN) is advantageous (see
Fig. 8). Further, the limitation associated with two-dimen-
sional observation may be overcome in the future by three-
dimensional observation, which dissects not physically but
optically, e.g., through the use of confocal microscopy, al-
though still many improvements are required (1,43,44).
Abnormal growth of islets to pathogenesis
In a rodent islet, it is well known that the core is occupied
only by b-cells whereas all types of cells including a-, b-, d-,
and PP-cells are present in the mantle (1). This structure,
with b-cells constituting the core, appears to reﬂect the fact
that even when the endocrine cells are dissociated, b-cells
tend to form clusters spontaneously, indicating the existence
of adhesion between b-cells (11,45). Note, however, that the
structure of human islets is somewhat different: Although the
relative volume ratios between different cell types are known
TABLE 2 Number Nislet of islets, number nN of cells in the number-weighted mean islet volume, and number nV of cells in the
volume-weighted mean islet volume, depending on the strain, age, and body weight
Strain Age
Body
weight (g) Nislet nN nV
BALB/c 6 weeks 20.2 6 1.2 §278 6 52 1260 6 60 6900 6 370
BALB/c 5 months 27.0 6 1.7 §292 6 70 1800 6 80 7600 6 510
*C57BL/6JBom-ob/ 1 8 weeks 27.0 6 0.9 3184 6 142 330 6 20 9400 6 900
*C57BL/6JBom-ob/ob 8 weeks 39.2 6 0.5 3193 6 160 1200 6 90 36,000 6 4500
yC57BL/6 3 months 21.6 6 1.6 1193 6 23 800 6 110 –
zNMRI 2 months 29.9 6 0.4 1125 6 100 – –
*Results from the stereological method in Bock et al. (30).
yResults from the direct measuring method in Parsons et al. (29).
zResults from the direct measuring method in Bonnevie-Nielsen et al. (28).
§Observed, rather than total, number of islets.
FIGURE 8 Islet size distribution obtained from three different methods.
The dotted line, plotting the result for ob/ 1 mice, from the stereological
method (ST), corresponds to the Weibull distribution with g ¼ 0.91 and h¼
3.36, reconstructed in accord with the number-weighted mean islet volume
VN and the volume-weighted mean islet volume VV of the data in Bock et al.
(30) (see Table 2). The solid and open circles plot the data for 5-month-old
BALB/c mice, obtained from the mild enzymatic treatment (EN) and from
the complete isolation of islets (IS), respectively. They are ﬁtted to the solid
line and the dashed line, which represent the Weibull distributions with (g,
h) ¼ (1.70, 10.15) and (3.57, 16.60), respectively.
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and b-cells occupy 70–80% in an islet, cells other than
b-cells are also observed inside the islet (1). In addition, it
was reported that there is a population of extra-islet b-cells
scattered over the exocrine tissue and representing 15% of all
b-cells (26).
There exist paracrine interactions between neighboring
cells mediated by hormones (46–48) and neurotransmitters
(49–52); such paracrine interactions play an important role in
the functioning of endocrine cells (53). In view of this, the
population ratios between cell types, which control the
relative secretion of hormones from each cell type and thus
determine the relative strength of paracrine interactions,
should not much change as islets grow. Meanwhile, the ratio
of the surface area to the volume reduces as the islet size
increases whereas non-b-cells exist only in the mantle of the
islet, i.e., near the surface. For suppressing the corresponding
increase of b-cells and maintaining the relative populations
of different cell types, it is advantageous for an islet to grow
elongated since the surface area of an elongated islet is larger
than that of a spherical one with the same volume. This may
provide an explanation of the decrease of k with the islet size
s in Fig. 7.
We point out that islets .300 mm (or s ¼ 30) are not
observed in Fig. 6, A and B, which is comparable to the
maximal size 380 mm in C57BL/6 mice (29) and 250 mm in a
porcine pancreas (21). This size limit may result from the
frustration of the relative strength of paracrine interactions or
from the insufﬁcient blood supply in bigger islets (17).
Another hypothesis focuses on the fact that the surface area
of contact between the endocrine and exocrine tissues will
enormously increase when many small islets, rather than a
few super-islets, exist in a pancreas (14).
In addition to such local paracrine effects in an islet, there
also exist global effects that the hormones or neurotransmit-
ters secreted from an islet have inﬂuence on the cells in other
islets. As a measure of the relative population between dif-
ferent cell types in a pancreas, we consider the ratioR of the
total surface area to the total volume of all islets in a pan-
creas. Recall that the volume of an islet represents the total
number of b-cells in the islet whereas the surface area
measures the total number of non-b-cells located in the
mantle of the islet. It can be expressed in terms of the second
and third cumulants of the distribution function:
R[
R
ds s
2
PðsÞR
ds s
3
PðsÞ ¼
h
2
Gð11 2g1Þ
h
3
Gð11 3g1Þ; (10)
for the Weibull distribution function P(s) given by Eq. 6.
As islets grow, the ratioR decreases; this indicates that the
relative population of b-cells tends to increase. As the de-
mand for growth increases, e.g., due to pregnancy or obesity,
islets continue to grow (18,29). However, large islets, which
have grown too much, may not work appropriately because
the cellular interactions will be abnormal with the ratioR re-
duced much and the relative population of b-cells dominant.
We speculate that this abnormal situation is related with,
among other possibilities, the obese-hyperglycemic syn-
drome, where most islets indeed become abnormally large
(18,19).
CONCLUSION
It has been demonstrated that size distributions ofmouse islets
are well described with the following assumptions: Neo-
geneses of new islets are negligible after some development
stage, and every cell in a pancreas proliferates with the same
rate, regardless of whether the cell belongs to a small islet or to
a large islet. Based on these observations, we have proposed a
theoretical model for the growth of islets. Depending on
whether cells in each islet proliferate coherently or indepen-
dently, the model results in log-normal or Weibull distribu-
tions for the islet size. Of the two, the latter in general
represents the statistical characteristics of experimental data
better than the former, and ﬁts very well in the regime of large
islets. However, the difference between the two is not very
big, suggesting that the results are not sensitive to the details
of the growth dynamics. Note also that cells in an islet are
likely to proliferate neither fully coherently nor fully inde-
pendently within the unit replication time; this will lead to the
size distribution of the form between the two distributions. At
ﬁrst glance, such skewed size distributions of islets appear to
be unusual, in view of the normal distribution ubiquitous in
nature. Unlike the size distribution P(s), the proliferation
stage distribution P(k), evolving spontaneously after cease of
the neogenesis, turns out more or less normal.
The evolution of the size distribution of islets is a random
process, where every cell in a pancreas can equally proliferate
to make each islet grow. As for the resulting increase of the
islet size, we examine the lower and upper limits of the islet
size. Coupled b-cells secrete insulin more effectively than
single b-cells do, which reﬂects that coupled cells can
produce bursting action potentials, in contrast with single
cells generating spiking action potentials. In our previous
work, the established model for coupled b-cells has been
studied under the physiological strength of the gap junction
(15). Observed are bursts displayed by clusters above the size
s ¼ 3, suggesting that a cluster of size above s ¼ 3 can work
appropriately. The bursting duration ﬁrst increases with the
size s and tends to saturate around s ¼ 5, beyond which the
bursting property appears not to change. As for the upper limit
of the islet size, Fig. 6 shows that there are no islets above s¼
30. One possible explanation for the upper limit is that the
relative populations of cells of different types determine the
paracrine interactions between them. Since non-b-cells exist
mostly in themantle of islets (1), it is very difﬁcult tomaintain
the relative populations as the area/volume ratio keeps
decreasing with the increase of the islet size; the elongate
shape of a large islet helps to circumvent this difﬁculty.
Beyond the upper limit of the islet size, the relative population
of b-cells should become too high, concerning the local
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paracrine effects in an islet. This may give constraint on the
assumption of random cell proliferation in too large islets.
In summary, our study of how islets grow to satisfy the
demand of growing body shows that each islet in general
grows proportionally to the number of cells in the islet; i.e.,
each islet may grow faithfully to the external demand, inde-
pendently of others. The growth of islets is robust in the sense
that it is not very sensitive to the details of the developmental
process; an islet works normally when a few b-cells are cou-
pled. Our growth model might thus be rather general, ap-
plicable to a variety of growth processes in other tissues with
constant proliferation rates.
APPENDIX I
Equation 1 describing the growth dynamics can be written in the matrix
form:
Pðt1 1Þ ¼ GPðtÞ1BðtÞ; (11)
where the growth matrix G reads
G[
1 l 0 0 0 . . .
l 1 l 0 0 . . .
0 l 1 l 0 . . .
0 0 l 1 l . . .
..
. ..
. ..
. ..
.
1
2
66664
3
77775:
Here P(t) and B(t) are column matrices, the transposes of which are given
by PT(t)[ [P0(t), P1(t), P2(t), . . .] and B
T(t)[ [B(t), 0, 0, . . .], respectively.
Following the experimental observation that neogeneses of islets are negli-
gible after some developing time t0, we put B(t)¼ 0 for t. t0. The evolution
dynamics in Eq. 11 then reduces to P(t 1 1) ¼ GP(t), and we can generate
the distribution P(t) at time t, evolving from the initial distribution P(t0), by
iteration:
PðtÞ ¼ GtPðt0Þ; (12)
with t ¼ t  t0. The tth order of G obtains the form
Gt ¼
g0 0 0 0 . . .
g1 g0 0 0 . . .
g2 g1 g0 0 . . .
..
. ..
. ..
. ..
. ..
.
gt gt1 gt2 gt3 . . .
0 gt gt1 gt2 . . .
0 0 gt gt1 . . .
..
. ..
. ..
. ..
.
1
2
6666666666664
3
7777777777775
;
where gn is the binomial coefﬁcient:
gn ¼ tn
 
l
nð1 lÞtn ¼ t!
n!ðt  nÞ! l
nð1 lÞtn:
Given normalized distribution Pk(t0), the later distribution Pk(t) can be
obtained from Eq. 12:
PTðtÞ ¼ B0ðt; lÞP0ðt0Þ1B1ðt; lÞP1ðt0Þ
1B2ðt; lÞP2ðt0Þ1 . . . ; (13)
where Bk(t, l) denotes the kth shifted binomial distribution deﬁned by
(0, . . . , 0, g0, g1, . . . , gt, 0, . . .) with g0 being the (k 1 1)th element. There-
fore, Eq. 13 is simply a weighted sum of the kth shifted binomial dis-
tributions, where the weight is determined by the initial distribution Pk(t0).
Note that the binomial distribution can be approximated well by the normal
distribution, reducing to the latter for large t. From the characteristics of
a binomial distribution, it is straightforward to obtain the ﬁrst and second
cumulants, m1(k) and m2(k), of the shifted binomial distribution B
k(t, l):
m1(k) ¼ tl 1 k and m2ðkÞ ¼ tlð1 lÞ1m21ðkÞ ¼ tlð1 lÞ1 ðtl1 kÞ2:
Equation 13 then leads to the mean and the variance of the distribution P(t):
m˜ ¼ +
k
kPkðt1Þ ¼ +
k
m1ðkÞPkðt0Þ
¼ +
k
ðtl1 kÞPkðt0Þ
s˜
2 ¼ +
k
k
2
Pkðt1Þ  m˜2 ¼ +
k
m2ðkÞPkðt0Þ  m˜2
¼ +
k
½tlð1 lÞ1 ðtl1 kÞ2Pkðt0Þ  m˜2;
which is just Eq. 2.
APPENDIX II
In the case of independent cell proliferation illustrated in Fig. 2, the growth
process of islets can also be expressed as a matrix equation similar to Eq. 11,
where the kth component of P(t) represents the islets of cells proliferating k
times. Here, on the other hand, the kth component designates the islets
containing k cells. The growth matrix G then reads
G[
g10 0 0 0 0 . . .
g11 g20 0 0 0 . . .
0 g21 g30 0 0 . . .
0 g22 g31 g40 0 . . .
0 0 g32 g41 g50 . . .
..
. ..
. ..
. ..
. ..
.
1
2
66666664
3
77777775
;
where the components are given by
gnk ¼ nk
 
l
kð1 lÞnk ¼ n!
k!ðn kÞ! l
kð1 lÞnk:
Therefore, assuming negligible neogeneses of islets after time t0, one can
obtain the distribution P(t) at later time t in a manner similar to Eq. 12: P(t)¼
GtP(t0) with t[ t t0. Unfortunately, unlike in Appendix I, it is formidable
to write the explicit form of Gt, limiting analytical treatment to small values
of t, i.e., early replication stages.
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